Abstrucf-The performance of mobile radio communication systems is analyzed, in terms of the capture probability and throughput, for the slotted ALOHA and the unslotted np-ISMA (nonpersistent Inhibit Sense Multiple Access) protocol with receiver capture. The influence of Rayleigh faded interference and additive white Gaussian noise (AWGN) is studied on the performance of the two protocols considering BPSK (Binary Phase Shift Keying) modulated desired test signal, which suffers from Rician fading and the near-far effect. BCH (Bose Chaudhuri Hocquenghem) error correction codes consisting of packets with equal number of bits are introduced to improve the performance of the system, considering both fast and slow multipath fading.
also in this case, the test terminal suffers from Rician fading. The interfering terminals are assumed to be either: 1) near to the border of the cell and therefore have larger propagation distances without line-of-sight component and suffer from Rayleigh fading, or 2) close to the base station with Rayleigh fading which is due to the nonexistence of line-of-sight between the base station and interfering terminal antennas. Thus, the signal envelope distribution of the interfering terminals is always Rayleigh fading irrespective of their positions with respect to the base station. The above assumptions are made for the simplicity of analysis to obtain initial results for the random multiple access protocols in a microcellular system.
In this paper, the performance of mobile ratio communication systems using the slotted ALOHA and the unslotted nonpersistent ISMA protocol is investigated in terms of the capture probability and the throughput. The capture probability is defined as the probability that a packet, consisting of a number of bits, is successfully transmitted, while the throughput is defined as the number of packets that are received correctly within a certain time. The effect of using BCH (Bose Chaudhuri Hocquenghem) error correction codes on the performance of mobile communication systems with random access techniques, investigated earlier, e.g., in [2] and [14] , is also investigated. This paper is organized as follows. In Section 11, the channel model, concerning all propagation and traffic characteristics of the channel, is discussed, while in Section 111, the capture probability is investigated for both fast and slow multipath fading. The performance of mobile radio communication systems in terms of the throughput using two random access protocols, viz., slotted ALOHA and unslotted nonpersistent ISMA, is studied in Section IV. BCH error correction codes are introduced to the model in Section V. The user data throughput is defined and evaluated in Section VI, and, finally, conclusions are given in Section VII.
CHANNEL MODEL
In the model presented in this paper, the test terminal is assumed to be very near to the base station, so the test terminal is in line-of-sight of the base station. In this way, the amplitude of the test signal can be modeled by a Rician pdf (probability density function) [ which is an approximation of the exactly uniform distribution [12] , resulting in the fact that almost all traffic arrives from normalized distances 0 < r < 1. The distribution function of the received local-mean power isj can then, after substituting (4) and (6) in (3, be given by
K = s2/2a2. In this way, it is possible to express (1) in terms of the instantaneous power po of the test signal (with PO = + p i ) and the Rician parameter K
The pdf of the local-mean total interference power Bt, caused by i interfering signals, with ir, = Epj, is determined after i-fold convolution of the pdf of the local-mean power, given
Shadowing, consisting of very slow fluctuations of the localmean power, is not considered in this paper. The interfering terminals are assumed to be situated near the border of the In this paper, only BPSK modulation is considered. The receiver input signal y ( t ) is of the form [4] , [12] cell, so a line-of-sight between any of the mobile terminals and base station is absent (Le., K = 0). In that case, the amplitude p j of the jth signal ( j = 1, .. . ,i, where i is the number of interfering signals) is Rayleigh distributed, while the instantaneous power p j is then negative exponentionally distributed about the local-mean power i j j
(3)
The local-mean powers of both test signal and interfering signals are determined by path loss effects during propagation, which means that the power of the transmitted signal decreases with increasing distance to a certain propagation loss exponent p. This propagation loss exponent , ! 3 depends on the environment where the mobile communication system is situated. In this paper, p is assumed to be fixed, viz., p = 4. In this way, the local-mean power i j j of the jth signal (both test signal and interfering signals) at a normalized distance rj (normalized to the cell radius, so 0 < rj 5 l), with rj defined as the distance from terminal j to the base station, is given by
where kj represents phase reversals due to BPSK modulation of the jth signal, and n(t) represents the additive white Gaussian noise (AWGN). The received energy per bit is Eb = poTb = :pgTb. For each signal, the amplitude p j and phase 4 j are assumed to remain constant during one bit duration Tb. Further, perfect bit synchronization is assumed, i.e., for each of the interfering signals, exactly overlapping bit periods are assumed. The receiver is also assumed to be locked to the test signal. In the receiver, y(t) is multiplied by a locally generated cosine (2 cos uct) and integrated over the entire bit duration Tb. In a Rayleigh-fading channel, the in-phase carrier components of the i interfering signals are all independent Gaussian variables, with variance j j j [12] . The bit error rate (BER) for a receiver locked to the BPSK modulated test signal in the presence of multiple interferers with local-mean power jjt and AWGN is of the form [4] The radio signals are transmitted in packets, each having a number of L bits. The capture probability is defined as the probability that a packet of L bits is received correctly, so all L bits are received without error. A capture model is discussed in [5] - [7] , where a test packet captures the receiver if and only if the ratio of the power of the test packet and the total power of i interfering packets exceeds a certain value called the capture ratio. Here, this capture ratio is assumed to be chosen in such a way that the receiver locks to the test packet despite the interfering packets. The capture probability is investigated in
The average number of packet transmissions per unit time and per unit area at normalized distance rj from the base station is denoted by G ( r j ) . The offered traffic G(r) is given by a quasi-uniform spatial distribution function [5] G ( r ) = -exp G (-;r4) 7r this section, where two different types of multipath fading [2] are distinguished: 1) fast multipath fading-the signal (6) -L amplitude is assumed independent from bit to bit, the bit errprs in successive bits are assumed independent and have equal BER, and 2) slow multipath fading-the amplitude and phase of each signal are assumed constant for the entire duration of the packet LTb.
In the following analysis, it is assumed that the location of the test terminal as well as the interfering terminals follow the same spatial distribution given by (6) . The performance analysis is simplified by assuming that the test and interfering signals are always Rician and Rayleigh faded, respectively, irrespective of their locations with respect to the base station. Rayleigh distribution is a particular case for Rician distribution with no line-of-sight, i.e., Rician parameter K = 0.
A. Fast Multipath Fading
Because the instantaneous power PO of the test signal has to be averaged over the pdf (2) to take the (Rician) fading statistics into account, and each of the L bits of the packet has equal BER, the capture probability for fast multipath fading is given by
If the quasi-uniform spatial distribution of the position of both test terminal and i interfering terminals, given by (7) and (8), respectively, is taken into account, the following expression for the capture probability for the fast multipath fading channel is obtained
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Introducing the variables x , y , and z, with
and Po finally, the capture probability for the fast multipath fading channel becomes, after some manipulations,
B . Slow Multipath Fading
for the slow multipath fading channel is given by
After averaging PO over the pdf (2), the capture probability
In the same way as for the fast multipath fading channel, the capture probability for the slow multipath fading channel can be found by taking the quasi-uniform spatial distribution of the position of both test terminal and i interfering terminals, (7) and (8), respectively, into account
Computational results for the capture probability in both fast and slow multipath fading channels are given in Figs. 1-3. In Fig. 1 , the capture probability for the fast multipath fading channel as a function of the normalized distance is given for several values of the number of interferers. The capture probability for fast multipath fading is given in (14); however, in Fig. 1 , it is assumed that only the positions of the i interfering terminals have a quasi-uniform spatial distribution (8), while the test terminal is at distance T from the base station. This means that the capture probability (1 1) only has to be averaged over the quasi-uniform spatial pdf of Pt (8) . In is equal to 10 dB and L = 63 bits. From Fig. 1 , it can be seen that the number of interfering terminals has a large influence on the capture probability: the capture probability decreases as the number of interferers increases. Fig. 2 shows the influence of the SNR and packet length on the capture probability for fast multipath fading (14) as a function of the number of interferers i. Also, in Fig. 2 , K = 7 dB is assumed. An increasing number of interfering terminals causes the capture probability to decrease dramatically. 2 , it can also be seen that the SNR has a larger influence on the capture probability than L, especially for large SNR and small i. It is worth mentioning here that the SNR represents the local-mean signal-to-noise ratio Fo/(N0/Tb). Therefore, large SNR yields enhanced throughput because of the reduced BER. For i > 6, the number of interfering signals has a negligible influence on the capture probability because the capture probability remains almost constant. A comparison between the capture probabilities for fast and slow multipath fading channels, given by (14) and (16), respectively, is given in Fig. 3 . In Fig. 3 , the capture probability is plotted as a function of the number of interfering terminals for different SNR. The difference between fast and slow multipath fading (slow multipath fading gives better performance) is relatively large for small i and small SNR, as can be seen in Fig. 3 . For i > 3, the performance for fast and slow multipath fading is almost equal, and only SNR has a small influence on the capture probability.
Iv. RANDOM ACCESS SYSTEMS WITH RECEIVER CAPTURE
Random access techniques are introduced in mobile communications to facilitate the users. In random access systems, users transmit whenever they want to, with possibly a few constraints depending on the particular access method used. Several random access protocols are known, but in this paper the performance of mobile radio communication systems using the slotted ALOHA and the unslotted nonpersistent ISMA protocol is studied and compared.
A . Slotted ALOHA
Using the slotted ALOHA protocol, terminals transmit their packets regardless of other terminals which might already be transmitting a packet in the same time slot, where a time slot has the same length as the length of the packet. If two (or more) packets are being transmitted at the same time, the packets get lost. An unsuccessful transmission of a packet is discovered by the terminal, if, after a certain time, no acknowledgment from the transmitter has been received. After a random time, the terminal retransmits the same packet. On channels with receiver capture, the packet with the strongest signal has still the probability of being "captured" by the receiver, also when more packets are being transmitted at the same time. The probability Pi(i) that the test packet suffers from i other packets in the same time slot is assumed to be Poisson distributed, with mean G, The throughput 5' of slotted ALOHA with receiver capture can then be found by multiplying the capture probability by
The throughput for the fast and the slow multipath fading channel can be found by substituting the appropriate capture probability in (18), given by (14) and (16), respectively. Computational results for the throughput of slotted ALOHA are given in Figs. 4 and 5 . In Fig. 4 , the throughput is given as a function of the total traffic load G, for fast and slow multipath fading and different values of SNR. In Fig. 4 , K = 7 dB and L = 63 bits are assumed. From Fig. 4 , it can be seen that slow multipath fading gives a much higher performance than fast multipath fading. The SNR only influences the throughput for G < 10. thus, if the test terminal is in line-of-sight of the base station, the performance is much better than when there is no line-ofsight. This means that if the test terminal is very near to the base station (a strong line-of-sight component), the probability that a packet is successfully transmitted (or captured by the receiver) is higher than for the case the distance between test terminal and base station is larger (a smaller line-of-sight component).
B . Unslotted np-ISMA
According to the nonpersistent ISMA protocol, each terminal must listen to the channel before transmitting. Because the protocol is nonpersistent, the terminals do not continuously sense, but wait a random period of time. An advantage of the ISMA protocol is that ISMA eliminates the hidden-terminal problem [6] , [lo] , [ 111 occurring in the CSMA (Carrier Sense Multiple Access) protocol, where terminals might not be able to sense a transmission by another terminal. The base station transmits a "busy" signal on the outbound channel as soon as an inbound packet is being received. After complete reception of the packet, the "busy" signal is removed, so that the channel becomes "idle." In ISMA, collisions may occur due to new packet transmissions during the transmission delay of the inhibit signal d, necessary to switch from "busy" to "idle" (and reverse). This delay is normalized to the packet length,
The probability U that the channel, during a cycle (one cycle consists of an idle period plus a transmission period), is used without conflicts is defined as the probability that a test packet is overlapped by i interfering packets Pi (i), multiplied by the probability that the test packet is received correctly in the presence of i interfering packets 
Pi(i) = (dG)'exp(-dG). Z!
The term (i + 1) is included in (19), because when inhibit bits are in the outbound channel and a test packet is subjected to z interfering packets, i + 1 packets are presented during the busy period. One of these i + 1 packets is capable of capturing the receiver with a certain probability. One must take care of the fading type of the test and interfering packets while evaluating the success probability U using (19). In case of Rayleigh faded test and interfering packets, Pcap (fast/slow&, &) can be calculated using (14) and (16) (14) and (16) to calculate the success probability. Thus, it is clear that the expression for the success probability changes with the change in fading type.
The throughput for unslotted np-ISMA with capture can then be found by dividing U by the sum of the expected duration of the transmission period T , given by [lo] , 1111 exp(-dG)(i + 1)
where, again, the throughput for fast and slow multipath fading channels can be found by substituting the capture probability (14) and (16), respectively, in (21).
Computational results for the throughput of unslotted np-ISMA are given in Fig. 6 . In Fig. 6 , the throughput for both fast and slow multipath fading is given as a function of G for different values of SNR, with K = 7 dB, L = 63 bits, and d = 0.05. From Fig. 6 , it can be seen that, also for ISMA, slow multipath fading gives a higher throughput than fast multipath fading. A higher value of SNR also gives a higher throughput for all values of G. Fig. 7 compares the throughput for the slotted ALOHA protocol and the unslotted np-ISMA protocol. The throughput for fast multipath fading is given as a function of G. In Fig.   7 , again L = 63 bits and K = 7 dB are assumed. From   Fig. 7 , it can be seen that, at least for high values of G, the unslotted np-ISMA protocol gives a much higher throughput than the slotted ALOHA protocol. It can also be seen that a larger value of d gives a lower performance.
v. ERROR CORRECnON CODING
In Section 111, it was discussed that all L bits of the packet have to be received correctly in order to have a successful reception of the packet. At this point, error correction coding is added to the system to improve the performance. Using error correction coding some of the L bits may be received incorrectly, still resulting in a successful reception of the packet. In this paper, only linear BCH error correction codes with parameters ( L , k, t) [17] are used, where L is the packet length, k is the number of actual information ("user") bits in the packet (or codeword), and t is the error correction capability. This error correction capability offers the possibility of correcting up to t erroneous bits. This means that to receive the packet successfully, only up to t bits may be received incorrectly (instead o f t = 0, when no error correction coding is used). For a higher error correction capability, the number of parity-check bits increases, resulting in a lower code efficiency because k diminishes. Thus, a tradeoff between high error correction capability and high code efficiency has to be made. Usually, error correction codes also offer a certain error detection capability, denoting the number of erroneous bits the receiver can detect but not correct. The effect of the error detection capability on the performance, studied, for example, in [14], is not considered here. The probability of successful reception of a packet is given by [14]
The expressions for the throughput of the two protocols now change because of the introduction of error correction codes.
A. Slotted ALOHA
The probability of successful reception of a packet (22) is equal to the capture probability if the appropriate BER is substituted into (22). In this way, the following expression for the throughput of slotted ALOHA is given by respectively.
Computational results for the throughput of slotted ALOHA with error correction coding are shown in Fig. 8 . Fig. 8 shows the effect of the error correction capability t on the throughput of the fast multipath fading channel. The throughput is plotted as a function of G, with K = 7 dB, L = 63 bits, and SNR = 10 dB. From Fig. 8 , it can be seen that a larger value of t gives also a higher throughput. For larger values of t, the difference between the performance of fast and slow multipath fading decreases; however, slow multipath fading still gives a better performance than fast multipath fading.
B. Unslotted np-ISMA
As for the slotted ALOHA protocol, the expression for the throughput of unslotted np-ISMA changes due to the introduction of error correction codes
. Pcap (f=t/slowlFo, FJ (26) where the capture probability for fast and slow multipath fading channels with coding is given by (24) and (25), respectively.
Computational results for the throughput of unslotted np-ISMA with error correction coding are given in Figs. 9 and 10. The throughput for fast multipath fading as a function of G is plotted in Fig. 9 , for several values of d and t. In Fig. 9 , again, K = 7 dB, L = 63 bits, and SNR = 10 dB are assumed. As for the slotted ALOHA protocol, a higher value of t gives a higher throughput while, again, it can be seen that a higher value of d gives a small throughput.
Finally, Fig. 10 shows a comparison between the performance of slotted ALOHA and unslotted np-ISMA. In Fig. 10 , the throughput for both protocols is plotted as a function of G, for both fast and slow multipath fading, with K = 7 dB, L = 63 bits, SNR = 10 dB, t = 2, and d = 0.05. From   Fig. 10 , it can be seen that unslotted np-ISMA gives a higher throughput than slotted ALOHA, provided G is relatively large. For the used parameters, it can also be seen that the difference in performance between fast and slow multipath fading is larger for slotted ALOHA than for unslotted np-ISMA. The user throughput S,, i.e., the throughput of user data, is defined as the product of the throughput S, the user bits in a packet or a codeword k, and the inverse of the packet length L. k
-L
The user data throughput S, of np-ISMA protocol has been calculated using the BCH (L,k,t) error correction codes and depicted in Figs. 11 and 12. Fig. 11 shows that with the increase in error correction capability t, the user data throughput S, first increases (curves a and b), then remains almost constant (curves b and 4, and finally decreases (curves c and d). In contrast to the user data throughput S,, the throughput S always increases with the increase in t (Fig. 9) . Fig. 12 compares the throughput S to the user data throughput S,. It can be seen from Fig. 12 that the throughput S is higher than the user data throughput S,. It is because k is always smaller than L for any value of t except for t = O,S, and S are equal. Table I shows some values for L, k, t for BCH codes.
VII. CONCLUSIONS
In this paper, a model is developed for the performance evaluation of mobile radio communication systems using the slotted ALOHA and the unslotted np-ISMA protocol with receiver capture. Compared to earlier studies, here the system is assumed to be in a Ricimayleigh environment with AWGN, where the test terminal is very near to the base station and the interfering terminals are close to the border of the cell. The amplitude of the BPSK modulated test signal is modeled by a Rician pdf, because the test terminal is assumed to be in line-of-sight of the base station, while the signals of the interfering terminals are Rayleigh distributed without line-of-sight propagation. The performance of mobile radio communication systems is measured in terms of the capture probability and the throughput. Both fast and slow multipath 
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fading channels are considered. Also, the effect of BCH error correction codes on the performance is investigated. It can be concluded that the capture probability decreases dramatically if the number of interfering signal increases, however, for i > 6, the capture probability is very small and remains almost constant. The packet length L also influences the capture probability: the capture probability decreases as L increases. Slow multipath fading channels offer a better performance than fast multipath fading channels. It is also concluded that for a higher value of the Rician parameter K (thus when the line-of-sight component is stronger or when the test terminal is very close to the base station), the performance is very much increased. Unslotted np-ISMA gives a higher throughput than slotted ALOHA, provided the transmission delay d is small and the traffic load G is large. For larger values of d, the performance of unslotted np-ISMA decreases very rapidly. Error correction codes enhance the performance of the system because a larger error correction capability t gives a higher throughput.
It is recommended to extend the present study by developing a model to include Rician fading interfering signals and the influence of multiple cells. The results obtained in this paper may be useful for both outdoor and indoor data communications.
